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METHOD FOR SEPARATING LIGNIN FROM
LIGNO-CELLULOSIC MATERIAL

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a Continuation of U.S. appli-
cation Ser. No. 17/313,387, now allowed, having a filing
date of May 6, 2021, the entire contents of which 1is
incorporated herein by reference. U.S. application Ser. No.
177/313,387 1s a Continuation of U.S. application Ser. No.
16/137,821, now U.S. Pat. No. 11,078,624, 1ssued Aug. 3,
2021, having a filing date of Sep. 21, 2018.

BACKGROUND OF INVENTION

Field of the Invention

The present invention falls within the fields of cellulose
chemistry and technology. Among its other aspects, it 1s
directed to an environmentally frendly process and appa-
ratus for the delignification of ligmin-containing matenals,
such as cardboard newspaper or agricultural or tree pruning
wastes. This process produces cellulose using low tempera-
tures and low concentrations of hydrogen peroxide. It can be
performed using a column fitted with a semipermeable
gasket that pressurizes the column by retaining oxygen
released by action of the hydrogen peroxide on a lignin-
containing material.

Description of the Related Art

Natural cellulose fibers have a variety of advantageous
intrinsic properties such as biodegradability and other envi-
ronmentally friendly features, processability, flexibility as
well as other usetul physico-mechanical properties. These
cellulose fibers are readily available and can be produced
from readily available natural materials including recycled
newspaper or cardboard or from agricultural wastes. For
example, palms are sources of biomass containing cellulose
and lignin which may be obtained from palm trunks, frond
bases, frond midribs, leaflets, coirs, fruit stems, date stones,
and fruit empty bunches. The seasonal pruning of palms
provides substantial quantities of biomass. In Saudi Arabia
alone, the annual wastes resulting from date palm biomass
are estimated to be approximately 1 million metric tons; see
Nasser, et al., Chemical Analysis of Different Parts of Date
Palm (Phoenix dactylifera L.) Using Ultimate, Proximate
and Thermo-Gravimetric Ilechniques for Energy Produc-
tion, Energies 9:374 (2016, incorporated by reference).

Natural cellulose fibers are employed in a number of
fields including 1n the automotive industry, clothing manu-
facturing, pharmaceutical industry and 1n medicine. Cellu-
lose fibers are used to remnforce polymers and to add
particular functional properties to a product including those
properties described and incorporated by reference to
Thakur, V. K. and Thakur, M. K., 2004. Processing and
characterization of natural cellulose fibers/thevmoset poly-
mer composites, Carbohydrate Polymers, 109: 102-117.
DOI: 10.1016/j.carbpol.2014.03.039.

There are different forms of cellulose. Alpha cellulose 1s
one of three recogmized classes of cellulose, the others being
beta and gamma cellulose. Alpha cellulose has the highest
degree of polymerization and 1s the most stable. The other
two classes, known as hemicelluloses, are beta cellulose and
gamma cellulose.

2

Alpha cellulose 1s the major component of wood and
paper pulp and can be separated from the other woody
components by soaking pulp 1n a 17.5% solution of sodium
hydroxide. Paper pulp that 1s high 1n alpha cellulose can be

> 1dentified using Graff “C” stain, which will stain i1t pinkish
red.

Alpha cellulose, which 1s usually pure white, 1s insoluble
and can be filtered from the solution and washed prior to use
in the production of paper, cellulose polymers or cellulosic
materials. Papers, linens and cottons often contain high
proportions of alpha cellulose and paper products containing
a high percentage of alpha cellulose are generally stable and
durable. Examples of common paper fibers that are high 1n
alpha cellulose include cotton, flax, ramie, and kozo. Alpha
cellulose pulps can be created from wood pulps using
extended sulfite, or mercerized Kraft pulping methods. Pure
cellulose 1s white and the paper made from 1t will be white
and will resist yellowing that can be caused by oxidation of
lignin. Oxadized lignin absorbs more light and darkens a
paper product.

Lignin 1s a class of complex organic polymers that form
important structural materials 1 the support tissues of
vascular plants and some algae. Chemically, lignins are
cross-linked phenolic polymers. Lignins are particularly
important 1n the formation of cell walls, especially 1n wood
and bark where they lend rnigidity and confer resistance to
rot. As a biopolymer, lignin 1s unusual because of its
heterogeneity and lack of a defined primary structure. Its
most commonly noted function 1s the support through
strengthening of wood, mainly composed of xylem cells and
lignified sclerenchyma fibers, in vascular plants. Lignin
constitutes about 20-35% of the dry mass of wood. News-
print, which must be produced as economically as possible,
has more lignin 1n 1t than finer or more durable papers. Some
types of paper advantageously contain lignin. Brown kraft
paper, the dark brown paper used 1n grocery store bags
which can be produced without bleaching, 1s stifl and sturdy
because i1t has more lignin in 1t than white papers used for
writing and printing which are produced by bleaching. To
make a fine white paper, wood 1s put through a chemical
solvent process which separates and removes the lignin.

Lignocellulosic fibers are constituted mainly from cellu-
lose, lignin and hemicellulose as well as from pectin,
pigments, organic extractives, and ash; see Hindi, S. S. Z.
2017, The interconvertibility of cellulose’s allomorphs.
International Journal of Innovative Research in Science,
Engineering and Technology (IJIRSET). 6 (1): 715-722.
DOI:10.15680/1JIRSET.2017.0601125 (incorporated by ret-
erence). Advantageously, they can be produced by pulping
woody materials having low lignin content because this
reduces pulping time and requires less processing, for
example, 1t reduces the chemical charge necessary to process
the fiber, see Diaz, M. J., Garcia, M. M., Eugenio, M. M.,
55 Tapias, R., Fernandez, M., and Lopez, F. 2007. Variations in

fiber length and some pulp chemical properties of leucine

varieties. Industrial Crops and Products, 26 (2): 142-150.
DOI: 10.1016/3.1ndcrop.2007.02.003; Lopez, F., Garcia, M.
M., Yanez, R., Tapias, R., Fernandez, M., and Diaz, M. J.
60 2008. Leucine species valuation for biomass and paper
production in 1 and 2 year harvest, Bio resource Technol-
0gy, 99 (11): 4846-4853. DOI: 10.1016/
1.biortech.2007.09.048 (each incorporated by reference.) In
contrast, the processing of materials having a higher lignin
65 contents usually consumes greater amounts ol chemicals;
see Kristeva, P., Kordsachia, O. and Khider, T. 2003. A/ka-

line pulping with additives of date palm rachis and leaves
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from Sudan, Bioresource Technology, 96 (1): 79-85. DOI:
10.1016/7.biortech.2003.05.005 (incorporated by reference).

In view of shortage of traditional fibrous materials and
increasing the demand for them, especially 1n Saudi Arabaia,
there has been an unmet need for a process that can
ciiciently and economically use agricultural residues, such
as those resulting from annual pruning of date palms and
other trees or bushes, as well as waste paper, such as
recycled newsprint or cardboards. These lignocellulosic
materials are widely available and annually accumulated in
large amounts all over the world, especially 1n towns,
making them a potential resource and precursor for produc-
tion of cellulose. Currently, only a portion of waste paper
and cardboard 1s reused, for example, by transformation into
cardboard panels, egg containers, suspended ceiling boards
and other structural building materials such as cement or
gypsum boards. Such products containing recycled ligno-
cellulosic materials are often only marginally profitable and
sometimes unprofitable. Therefore, there 1s a demand to
identify new, more profitable ways to exploit lignocellulosic
fibers produced from agricultural wastes or recycling of
paper and cardboard, including the production of finer
papers or advanced cellulosic materials such as microcrys-
talline cellulose (“MCCs”) or nanocrystalline cellulose
(“NCCs™). A process that makes a more profitable product
may also generate more jobs and boost the standard of living,
in communities producing the higher profit margin products.

Higher profit margin products generally require produc-
tion of a finer paper or cellulosic product with less lignin and
more cellulose 1n 1t. A significant problem of current meth-
ods that use lignocellulosic fibers, such as those from
agricultural wastes or recycled newspaper or cardboard 1s
the high lignin content of such maternials. High lignin content
of cardboard and newspaper arises from use ol mechanical
delignification methods instead of chemical delignification.
Cardboard has a higher lignin content than newspaper
because its fibers are separated from parent wood tissues
mechanically, while newspaper a portion of chemical pulp 1s
added to mechanically produced wood pulp. Besides cal-
cium pectate, lignin 1s the main bender within cell walls.
However, after destroying wood structure by fibrillation
processes, the lignin loses 1s fractured into smaller molecu-
lar weight units and loses i1ts bending ability. While card-
boards and newspaper are good sources of cellulose for
producing crystalline forms of cellulose or high-cellulose
content fibers, chemicals or industrial products, 1t 1s 1mevi-
table that such raw maternials be delignified for them to
provide such products.

There are different pulping processes used to separate
cellulosic fibers or for wood deligmification, namely
mechanical, chemical, thermo-mechanical, and organosolv
methods. As explained above, the amount of alpha cellulose
contained 1n a final fibrous product depends on the pulping
process applied: chemical pulping yields the highest purity
cellulose, while mechanical pulping gives fibrous products
having a high lignin content.

The chemical pulping methods including Kraft, sulphite,
and soda processes difler from each other according to the
reagents/catalyst used. The Kraft technique uses concen-
trated NaOH and Na,S at elevated temperature (e.g., at 170°
C.) and 1s the most applied industrially process for pulp and
paper production. The sulfite process uses various salts of
H,SO,, such as SO.*” or HSO,", to extract lignin from
wood at an elevated temperature (e.g., at 170° C.). The
selection of a salt depends on the pH of white liquor
expected to be dominant. The counter 10n used can be Na™,

Ca**, Mg** or NH,*. Soda pulping uses NaOH as a delig-
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nification reagent and anthraquinone may be added to
decrease carbohydrate degradation. This process gives pulp
with lower tear strength than that obtained by sulfite and
Krait processes.

The organosolv process 1s a pulping technique that uses an
organic solvent to solubilize lignin and hemicellulose. The
Alcell™ process was examined as an organosolv pulping
process using ethanol/water as a liquor; Pye, E. and Lora, J.
1991. The Alcell process: a proven alternative to Kraft
pulping. Tapp1 Journal, 74 (3): 113-118.

Other specific delignification processes are known and
include those of U.S. Pat. No. 9,133,227 B2 which describes
a method for producing solubilized lignin by pulverizing a
lignocellulosic material, defatting 1t using an organic sol-
vent, and treating with hydrogen peroxide at a temperature
of 80 to 200° C. under microwave radiation.

CN103924468A, EPO401149A1, and CN105297511A and
Sun, et al., Ind. Crops Products 12(2):71-83 (2000), Kim, et
al., Twenty-first symposium on Biotechnology for Fuels and
Chemicals, Applied Biochemistry and Biotechnology
(2000), and Taherzadeh, et al., Int. J. Mol. Sc1. 9:1621-1631
(2008) which describe delignification or lignocellulosic
waste treatment processes including alkaline peroxide treat-
ments.

In addition to pulping processes described above, pulp
bleaching is often performed to produce bright white papers.
Pulp bleaching may use chlorine or alternatives to chlorine,
such as chlorine dioxide, oxygen, ozone and hydrogen
peroxide. Sodium hypochlorite 1s frequently used as a dis-
infectant or a bleaching agent. These chemical reagents are
used either after the delignification process or as a pretreat-
ment prior to delignification. Oxygen 1n 1ts various forms
has been used 1n pulp treatments such as bleaching. Oxygen
molecules are relatively unreactive and need free radicals or
very electron-rich substrates such as deprotonated lignin
phenolic groups which require that treatments with oxygen
be carried out under very basic conditions (pH>12). The
reactions involved are primarily single electron (radical)
reactions. Oxygen opens rings and cleaves sidechains giving
a complex mixture of small oxygenated molecules. Transi-
tion metal compounds, particularly those of 1ron, manganese
and copper, which have multiple oxidation states, facilitate
many radical reactions and impact oxygen delignification.
While these radical reactions are largely responsible for
delignification, they are detrimental to cellulose. Oxygen-
based radicals, especially hydroxyl radicals, HO., can oxi-
dize hydroxyl groups 1n the cellulose chains to ketones and
under the strongly basic conditions used 1 oxygen deligni-
fication, these compounds undergo reverse aldol reactions
leading to cleavage of cellulose chains. Using hydrogen
peroxide to delignify chemical pulp requires more vigorous
conditions than for brightening mechanical pulp such as
high pH and high temperature. This chemistry 1s very similar
to that involved 1 oxygen delignification, in terms of the
radical species involved and the products produced. Metal
ions, particularly manganese, catalyze the decomposition of
hydrogen peroxide. Ozone 1s a very poweriul oxidizing
agent and a significant challenge i using 1t to bleach wood
pulp 1s to get suflicient selectivity so that the desirable
cellulose 1s not degraded. Ozone reacts with the carbon-
carbon double bonds 1n lignin, including those within aro-
matic rings.

When cardboard or newspaper 1s manufactured, different
additives are often added to the pulp blend to impart
particular properties. These additives include bonding
agents to 1improve strength, sizing agents to enhance water
resistance, and fillers such as minerals or pigments to
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improve smoothness or optical properties. When cardboard
or newspapers are recycled, the additives they contain
usually are removed via pretreatment processes.

Unlike prior delignification or bleaching processes an
objective of the invention 1s to free cellulose from lignin at
low pH and at low temperature thus sparing 1t from degra-
dation and destruction as well as providing a more conve-
nient and economical process for purilying cellulose, espe-
cially from waste paper, cardboard or agricultural litter.

However, there 1s a need for a simpler process that uses
less energy and milder and smaller quantities of chemical
reagents to remove lignin from cellulose, especially from
readily available recycled products like cardboard or news-
paper. In view of the need for such a process the present
disclosure describes a safer, more environmentally friendly
and eflicient way to separate cellulose and lignin from these
materials.

SUMMARY OF THE INVENTION

The present mnvention 1s directed to an ethicient, economi-
cal, and environmentally friendly process for the delignifi-
cation of lignin-containing maternials, such as cardboard,
newspaper, and agricultural or tree pruning wastes, espe-
cially date palm waste, to produce cellulose using low
temperatures and low concentrations of hydrogen peroxide.
This process 1s accomplished using an apparatus containing
a column fitted with a semipermeable gasket that pressurizes
the column by retaining oxygen released by action of the
hydrogen peroxide on a lignin-containing material. A very
important factor for accomplishment of the delignification
process 1s changing the oxidant reagent used (H,O,) at least
two times throughout the delignification process. Accord-
ingly, three masses of the oxidant can be used among the
process. In some embodiments each mass of the oxidant 1s
able to dissolve about a third of the lignin content of the
parent lignocellulosic precursor used. Unlike prior deligni-
fication processes, the process of the mvention 1s simple,
convenient and economical. It does not require high tem-
peratures or high pH, concentrated extractants or caustic
chemicals. In avoiding these extractants and chemicals as
well as being adaptable to use of solar heating 1t also more
environmentally friendly.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A. Photo of cardboards for recycling.

FIG. 1B. Photo of newspapers for recycling.

FIG. 1C. Illustrates water-softened raw materials.

FIG. 1D. Illustrates blending of the softened raw materi-

als,

FIG. 1E. Depicts on example of a vacuum-filtration unait.

FIG. 2. One embodiment of a multipurpose apparatus for

treating cardboards or newspapers:

(1) electric source and controller,

(2) Whatman tissue no. 44-based filter,

(3) water flowmeter,

(4) water-heater,

(5) condenser,

(6) withdraw pump,

(7) thermocouple thermometer,

(8) a semipermeable gasket: (9) the upper flange, (10) the
tightly compressed cotton container, and (11) the lower
flange, and (12) a reaction column: (13) the lignocel-
lulosic matenals, and (14) the H,O,-liquor.
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FIG. 3. The multipurpose apparatus used for the hot water
pretreatment, elimination of CaCO,, and maceration of

cellulosic fibers using H,O.,.

FIG. 4A. Cardboard, crude sample, pretreated.

FIG. 4B. Cardboard macerated cellulosic agglomeration.

FIG. 4C. Cardboard, ground alpha cellulose.

FIG. 4D. Newspaper, crude sample, pretreated.

FIG. 4E. Newspaper, macerated cellulosic agglomeration.

FIG. 4F. Newspaper, ground alpha cellulose.

FIG. 5A Optical image of cellulosic fiber cells macerated
from cardboard.

FIG. 5B Optical image of cellulosic fiber cells macerated
from newspapers.

FIG. 6 A. SEM micrographs of cardboards, crude sample
showing the gum spheres.

FIG. 6B. SEM micrograph of cardboard, crude sample
showing the gum spheres.

FIG. 6C. SEM micrographs of cardboard after cold and
hot water treatment.

FIG. 6D. SEM micrographs of cardboard after cold and
hot water treatment.

FIG. 6E. SEM micrographs of cardboards; macerated
cellulosic fibers.

FIG. 7A. SEM micrograph of the recycled newspapers,
crude sample.

FIG. 7B. SEM micrograph of the recycled newspaper
macerated cellulosic fibers.

FIG. 8A. X-ray diffractogram of cellulosic fibers: as a
bulk 1n crude cardboard.

FIG. 8B. X-ray diflractogram of cardboard cellulosic
fibers after separation by maceration process.

FIG. 9A. X-ray diffractogram of cellulosic fibers as a bulk
in crude newspaper.

FIG. 9B. X-ray diffractogram of newspaper cellulosic
fibers after separation by maceration process.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

Many embodiments of the invention are directed to del-
ignification method and to an apparatus that uses a semi-
permeable gasket at the top of a reaction column or reaction
chamber. This gasket maintains the internal pressure within
the reaction column at a certain level by partially preventing
the escape of oxygen or other gases generated during a
contacting step between a lignocellulosic material and
hydrogen peroxide (H,O,). While not being bound to any
particular technical explanation, the iventor believes that
the semipermeable gasket increases the concentration of
oxygen and oxygen radicals, thereby facilitating delignfica-
tion. The internal pressure relative to ambient atmospheric
pressure may also at least 1 part be elevated by breakdown
of the hydrogen peroxide or other chemical reactions occur-
ring 1n the column. In some embodiments, metal 1on cata-
lysts that facilitate breakdown of hydrogen peroxide into
oxygen and water may be employed. In other embodiments,
free radical inhibitors may be added to modulate the rate at
which lignin 1s extracted or to further protect cellulose from
oxidation.

A semipermeable gasket 1s employed to prevent rupture,
explosion, or damage to a reaction chamber or column or
other parts of an apparatus treating the lignocellulosic mate-
rial with hydrogen peroxide. The gasket 1s selected or
designed to pass some oxygen atoms or molecules and retain
others, thus maintaining the internal pressure and/or partial
pressure of oxygen during contact of a lignocellulosic mate-
rial with hydrogen peroxide at a substantially constant value,
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most preferably by maintaining the partial pressure of oxy-
gen during the contacting step at a value higher than the
partial pressure of oxygen in the atmosphere. The gasket
also serves to keep the pressure below a limit where the
reaction column or other apparatus components would be at
risk of damage or failure. In some embodiments, the internal
pressure in the column may reach about 40 psi (2.7 bar) and
be higher than ambient atmospheric pressure due to
increased partial oxygen pressure as well as water steam
inside the column. In this embodiment, the porosity is
adequate for penetration of some of the water steam to retain
sate conditions within the column without substantial loss of
oxygen radicals responsible for delignification. In other
embodiments, the internal pressure may range from at least

about >14.696 (atmospheric pressure), 15, 20, 30, 40, 50, 60
pSi.

In some embodiments, the semipermeable gasket consists
essentially of the upper flange, the lower flange, and the
tightly compressed cotton container inserted between them.
The tightly compresses cotton may be wetted with water
prior to placement in the container. In this embodiment, two
flanges are arranged below and above the container and
fixed within a compression machine (Instron) whereby the
cotton mass 1s aflected by a compression stress equal 60 psi
(4.1 bar). Before releasing the force, the two flanges are
tightened together using screws to retain the compression
degree within the cotton plug. In other embodiments, the
compression stress may range from about 15, 20, 30, 40, 350,
60, 70, 80, 90 or 100 psi.

While not being limited to any particular explanation, at
an elevated internal pressure, the concentration, and/or rate
of formation of the oxidizing free radicals may be high
enough to dissolve more lignin molecules from the ligno-
cellulosic tissues enhancing the delignmification efliciency at
a low temperature and without degradation of cellulose as
exemplified by the invention. However, 1f too many oxygen
free radicals escape the reaction column or chamber, the
delignification efliciency 1s reduced, diminishing the amount
of lignin that dissolves in the reagent liquor and the yield of
purified cellulose. Moreover, a too high number of oxygen
free radicals may damage or degrade the cellulose.

Some non-limiting embodiments of the invention include
the following: One embodiment of the mnvention 1s a method
tor delignification of a ligno-cellulosic material that includes
blending a ligno-cellulosic material comprising cellulose
and lignin with water to form an aqueous liquor, contacting
the aqueous liquor with hydrogen peroxide under non-
alkaline conditions, wherein oxygen generated during said
contacting increases internal pressure relative to ambient
atmospheric pressure, or increases partial internal O2 pres-
sure relative to ambient partial O2 pressure during said
contacting, removing dissolved lignin, and recovering cel-
lulose. In this method the lignocellulosic material may be
paper or cardboard. A lignocellulosic material includes bio-
mass containing both lignin and cellulose such as plant dry
matter. Plant biomass includes that from energy crops such
as switch grass or Elephant grass, agricultural wastes, such
as corn stover, sugarcane bagass, or straw, forestry wastes
such as saw mill and paper mill discards, and municipal
waste streams.

In this method the contacting may occur in the absence of
NaOH or aqueous ammonia or other strong bases, 1n the
absence of chlorine compounds such as chlorine dioxide,
and/or 1n the absence of methanol, hydrochloric acid and/or
sulfur dioxide.

In some embodiments of this method 1t further imncludes
contacting the ligno-cellulosic material with hydrochloric
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acid or another acid to remove calcium carbonate or other
non-cellulose materials prior to contacting the aqueous
liqguor with hydrogen peroxide. Such materials to be
removed 1nclude 1nks, pigments, dyes and substances which
can interfere with the crystallization of alpha cellulose.

In other embodiments of the above methods, the aqueous
liquor contains no more than about 1, 2, 3,4, 5, 6,7, 8, 9,
or 10 wt % hydrogen peroxide at a liquid to solid ratio of
10:1 to 20:1. In some embodiments, the aqueous liquor 1s
contacted with about 1-3 wt % hydrogen peroxide at a liquid
to solid ratio of 10:1 to 20:1. In some embodiments, the
aqueous liquor 1s contacted with no more than about 0.5, 1,
2,3,4,5,6,7,8,9, 10, 15, 20, 25, 30, <35 or 35 wt %
hydrogen peroxide at a liquid to solid ratio ranging from 1:1
to 100:1, more pretferably at a liqud to solid ratio of 5:1 to
50:1, and advantageously at a liquid to solid ratio of 10:1 to
20:1. These ranges include all intermediate subranges and
values.

In other embodiments of the above methods, the pressure
at which said contacting occurs 1s at least 1, 2, 3, 4, 5, 6, 7,
8, 9, 10, 20, 50, 100, 200, or 500% above ambient atmo-
spheric pressure, €.g., by the release of oxygen during the
contacting step. In some embodiments, the partial oxygen
pressure during contacting may be increased relative to
partial atmospheric oxygen pressure, for example, by at least
0.5,1, 5,10, 15, 20, 25, 30, 35, 40, 45, 50, 100, 200 or 500%.
In some embodiments, the contacting may occur at ambient
atmospheric pressure but at a higher than ambient atmo-
spheric partial oxygen pressure.

In other embodiments of the above methods, the contact-
Ing occurs at a temperature ranging from about O to 100° C.,
such as 0, >0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, <100, or
100° C., for example, the

contacting can occur at a temperature ranging from about
60 to 80° C.

In some embodiments of the above methods, contacting,
occurs 1n a column that 1s closed to atmospheric pressure by
a semipermeable gasket and that retains sutlicient oxygen or
oxygen radicals in the column to maintain a higher than
atmospheric pressure 1n the column.

The methods described herein may be performed with an
apparatus comprising a semi-permeable gasket fixed to a top
of a reaction column that prevents escape of suilicient
oxygen molecules produced by said hydrogen peroxide
treatment to enhance efliciency of delignification compared
to an otherwise i1dentical apparatus that does not comprise
the semipermeable gasket. The methods described herein
may further include

repeating the contacting, removing and/or recovering
steps at least once, twice, three times or more, wherein
repeating comprises replacing a part of the aqueous liquor
containing dissolved lignin with a fresh solution of hydrogen
peroxide. The fresh solution may comprise a unit quantify of
diluted or undiluted hydrogen peroxide, an aqueous extrac-
tion butler, or other ingredients suitable for removal of lignin
from a lignocellulosic matenal.

Another embodiment of the invention 1s an apparatus or
system that includes a pressurized reaction column, a ligno-
cellulosic material and hydrogen peroxide contained 1n the
reaction column, and a semi-permeable gasket fixed to the
top of the pressurized reaction column that retains oxygen
produced by hydrogen peroxide treatment of a lignocellu-
losic material and maintains above atmospheric pressure 1n
the reaction column. In some embodiments the apparatus or
system will include a grinder or macerator.

In some embodiments the apparatus or system will con-
tain a semi-permeable gasket containing cotton or another
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woven or non-woven natural, blend or synthetic fiber, for
example, the semi-permeable gasket may contain a cotton
membrane that 1s semi-permeable to oxygen. In further
embodiments of this apparatus or system, it may further
include a filter and/or receptacle for removing and/or retain-
ing lignin and other non-cellulose waste products; and/or
may further include one or more reservoirs for water, HCI or
other acid, or hydrogen peroxide, heaters, condensers, lines,
valves, pumps, filters, meters, controllers, drains, and/or
waste receptacles.

The method and apparatus of the invention provide a
number of benefits absent from prior art methods. A complex
reaction chamber 1s not required because the basic steps of
the method of the mvention substantially can be performed
in a single column or reaction chamber. The delignification
liquor containing lignin, which 1s usually dark or black, can
be excluded completely by vacuum-filtration once dissolved
in a delignification regent (or aqueous liquor or extraction
bufler) and substituted by delignification reagent containing,
fresh hydrogen peroxide for a subsequent extraction step.
Each fresh amount of delignification reagent i1s able to
delignily an additional amount of the crude material. With
the frequent withdrawing of dark or black liquor containing,
lignin or lignin byproducts and substitution by newly fresh
reagent, all the lignin can be excluded leaving substantially
pure cellulose.

The mnvention does not discharge toxic chlorine or other
harsh chemical by products because the liquid chemical
waste of the H,O, used 1n the method of the invention 1s just
water. Thus, 1n one embodiment the invention 1s more
environmentally friendly than conventional processes that
use harsh extractants to remove lignin.

The method of the invention reduces wastes that are often
emitted into the environment through use of a withdraw
pump that takes some of H,O,-liquor continuously from the
reaction column across a filter, such as a Whatman no.
44-based filter or equivalent, and returns 1t to the same
column through a closed cycle. This reduces or eliminates
the lignin and other chemical waste content 1n drainage and
mimmizes environmental impact.

The overall wastes produced by the method of the inven-
tion comprise water, sugars, and lignin that can be subjected
to further recycling processes to get additional products,
especially ethanol production. Moreover, an apparatus per-
forming the method of the mvention may be configured to
capture or remove accumulated chemical wastes using filter
that retains lignan, such as a Whatman paper no. 44-based
filter, and discharge substantially clean, solid-free water to
municipal drainage. This type of {filter paper has very fine
pores smaller than the dimensions of lignin molecules.
Accordingly, lignin can be collected from solution by pass-
ing the solution through filters containing Whatman filter
papers #44. However, other functionally equivalent filters
may be fabricated using other cellulosic resources that have
a similar permeability as Whatman filter paper #44. A filter
paper or other filter or filtration device having a pore size in
the range 01 0.4, 0.5, 1, 1.5, 2, 2.5, 3, =24 um may be selected
to remove lignans. Different grades of filter paper may be
selected depending on the size of the lignan molecules to be
removed, for example, Grade 602h filter paper has a pore
s1ze of 2 um and 1n a preferred embodiment Whatman filter
paper #44 type filter paper (or 1ts equivalent), which has a
pore size of 3 um, may be used.

Other modes of filtration may also be employed to sepa-
rate ligand prior to disposal of wastes. Gooch crucibles and
fritted glass filters may also be used to remove lignan, for
example, a Gooch crucible may be fitted with a fritted glass
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filter having a fine pore size in the range o1 0.4, 0.5, 1.0, 1.5,
2, 2.5, 3, and >3 um and used to remove lignans. Other
modes of filtration are known and may be adapted to remove
lignan. These include filtration methods using surface filters
which trap lignans. Devices such as a Buchner funnel,
vacuum filter, rotary vacuum-drum filter, belt filter, or a
cross-flow filter, or screen filters, may be adapted to remove
lignans. Centrifugation, dialysis, lyophilization or further
chemical treatments may be performed 1n some embodi-
ments but are not required. In some embodiments, a filter 1s
selected that removes 10, 20, 30, 40, 50, 60, 70, 80, 90, 95,
99 or 100 wt % of the lignin.

The invention 1s more economical than many conven-
tional processes. Hydrogen peroxide 1s inexpensive com-
pared to reagents used in other processes for 1solating
cellulose or removing lignin, preferably hydrogen peroxide
1s the only reactive feedstock other than HCI used 1n the
process. Moreover, the method of the mvention can use
hydrogen peroxide at a low concentration, such as 2 wt %,
preferably 1 wt % or 0.5 wt %, although higher concentra-
tions such as 5 wt % and 10 wt % may be used, instead of
at a higher concentration such as 35% used by other pro-
cesses without impairing lignin extraction efliciency.

The method of the invention saves energy because contact
between the lignocellulosic material and hydrogen peroxide
can be performed at a lower temperature such as at a
temperature of about 20, 30, 40, 50, 60, 70, 80, 90 or 100°
C., preferably at or below 70° C. unlike many prior art
processes requiring high energy mput such as processes that
require temperatures reaching up to 170° C. Moreover, the
lower temperatures required by the method of the mnvention
can more easily be provided by trapping solar energy
obtained using solar collectors, including those using trans-
parent hardware such as acrylic plastic or flat plates solar
collectors. Further energy savings may be realized by using
a forced air drying system using solar energy or heat.

The mvestment costs of practicing the invention on an
industrial scale are lower due to an uncomplicated pathway
for storing, handling and dispensing the main reagent,
hydrogen peroxide. This 1s attributable in part to the sim-
plicity of using hydrogen peroxide to extract lignin instead
of other harsher chemicals requiring a higher investment 1n
containment and safety features. Moreover, pipes, tanks,
pumps, solenoids and other accessories used for handling
the H,O, are commercially available.

A process of the invention may comprise one or more of
the following steps. Lignocellulosic material 1s pretreated to
soiten and blend 1t into a mass that can easily be contacted
with dilute hydrogen peroxide. Newspaper, cardboard, or
agricultural materials, which may be may optionally be
pretorn, preground or otherwise reduced in size, are soitened
in water or an aqueous bufler. In some embodiments, scraps
of lignocellulosic material are softened 1n cold water at or
below 25° C. and then over-saturated with hot water above
25, 30, 35, 40, 45, 50, 60, 65, 70, 75, 80, 85, 90, 95, <100
or 100° C. to form a viscous gelatinous liquor as shown for
example 1f FIG. 1D.

The softened scraps or viscous gelatinous liquor prepared
from them may be further washed 1n water or other extract-
ants to remove soluble materials, such as additives incor-
porated into paper or cardboard 1including soluble polymers,
blenders, ks, pigments, and dyes. After such extraction the
solid materials may be recovered by centrifugation, or
preferably by vacuum filtration. This washing and recovery
step may be performed more than once. In cases where
production of a final pure alpha cellulose for production of
microcrystalline (“MCCs”) or nanocrystalline cellulose
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(“NCCs”) 1s desired, the air-dried cardboards or newspapers
can be treated with HCI or another acid to dissolve CaCO,
that was added during manufacturing. Conventional treat-
ments to remove 1nks, or dyes, or pigments may also be
performed. The samples may then be vacuum-filtered and
washed adequately to remove any traces of the CaCO; to
prevent its interference with the final crystals of MCCs and
NCCs. On the other hand, when the alpha cellulose 1s
desired for paper making, 1t 1s not necessary to exclude all
the CaCO; content due to 1ts role for improving paper
quality.

The resulting recovered materials after extraction may be
optionally dried, preferably by solar heat or power, for
example, using a solar-air-forced circulation mini-green-

house drier for at 25, 30, 33, 40, 45, 50, 55, 60, 65, 70, 75,
80, 85, 90, 95, <100 or 100° C.

After recovery and/or drying, the recovered materials may
be converted into cellulosic micrometric hairs, for example,
by grinding.

In the present invention, H,O, 1s used as a delignification
reagent to separate cellulosic fibers from each other by
dissolving lignin found between fibers as well as that
incorporated within their cell walls unlike prior processes
where hydrogen peroxide has been used as a bleach reagent
solely or 1n a synergistic mixture with other bleachers either
in pretreatment or 1n final steps of pulping process, but not
as a lignin extractant. In the invention hydrogen peroxide 1s
diluted from a commercial concentration to a low concen-
tration, for example, from 35 wt % down to 2 wt %, to
reduce delignification cost without weakening the fiber
maceration efliciency. The ratio of the delignification liquor
contaiming the diluted hydrogen peroxide to the lignocellu-
losic matenial 1s 1:1 to 50:1, preferably 3:1 to 25:1, more
preferably about 15:1. It 1s possible by the method presented
in this ivention to obtain cellulose from a lignocellulosic
material 1rrespective or origin and pretreatment. It 1s also
possible to undertake a controlled pretreatment of the ligno-
cellulosic material used 1n order, for example, to modily the
solubility 1n organic or morganic solvent. It 1s also possible
to use an already partly decomposed lignocellulosic mate-
rial. It 1s also possible to use lignin- and cellulose-containing

biomass, for example wood, without preceding removal of

the lignin content of the biomass.

One embodiment envisages removing lignin from a ligno-
cellulosic material 1n a suitable reactor such as that shown as
part of FIG. 2. Other embodiments of this apparatus or
system may contain functionally equivalent elements of the
clements described in FIG. 2. These equivalents include
various kinds of {filter papers or materials, electrical, gas,
solar or geothermal heaters, different controllers, flow
meters, thermocouple thermometers, pump, alternative
semipermeable gaskets that retain oxygen, plastic, glass,
ceramic, or metal (e.g., staimnless steel) reaction columns,
various kinds or concentrations of H,O, liquors, or other
lignin-containing materials. For example, a semipermeable
gasket may contain other woven or non-woven maternals
besides compressed cotton, such as paper or other natural
fiber, nylon or other synthetic fiber, or fiberglass or other
mineral fibers. It may also contain a membrane that 1s
semipermeable to oxygen such as a gas exchanging mem-
brane, see  Montoya,  hittps://permselect.com/files/
Using_Membranes_for_Gas_Exchange.pdf (incorporated

by reference, last accessed Nov. 16, 2017). Other types of

membranes may also be used to separate or enrich concen-
trations of gases such as oxygen; see Kerry, Frank (2007).
Industrial Gas Handbook: Gas Separation and Purification.
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CRC Press. pp. 275-280 (incorporated by reference). These
include membranes comprising polyamide, cellulose
acetate, or ceramic materials.

A lignocellulosic material 1s dissolved, suspended or
incorporated 1n a suitable liquid medium containing dilute
hydrogen peroxide, preferably a non-alkaline medium with-
out reactive chlorine, or reducing agents such as methanol,
hydrochloric acid, or sulfur dioxide. The medium may also
contain substantially no added alkali, such as NaOH, KOH,
or ammoma, substantially no added acids, and no added
metals. However, in some embodiments metal catalysts that
promote or inhibit the breakdown of hydrogen peroxide or
free radicals may be present.

The mixture 1s brought for a sufliciently long time to
conditions which facilitate degradation and/or extraction of
lignin, especially under mild nonalkaline conditions at a
temperature less than 100, 90, 80, 70, 60, 50, 40, 30 or 20°
C.

The temperature may range from a temperature at which
the medium containing the lignocellulosic material 1s liquid,
such as between 0° C. and 130° C., preferably between 25°
C. and 100° C., more preferably not more than 30, 40, 350,
60, 70 or 80° C. (or any intermediate value within these
ranges). A lower extraction temperature, such as one pro-
duced by solar heating, 1s economically preferred.

Lignin can be degraded here in the presence of hydrogen
peroxide under 1nert gas, oxygen-containing, ozone-contain-
ing, or hydrogen-containing gas, at pressures up to >1, 2, 3,
10, 20, 50, or 100 bar. Preferably from the standpoint of
convenience and economy, the pressure 1s clevated by
chemical reactions occurring in the reaction vessel and not
by external means.

The pH may be, or be set, within the range of 0, 1, 2, 3,
4,5, 6,7, 8,9, or 10. Preferably, a delignification process
according to the mvention 1s performed under non-alkaline
conditions, for example, between pH 1, 2, 3, 4, 5, 6 and 7,
preferably between 5 and 7, and without substantial eleva-
tion of the pH, for example, 1n a liquid essentially consisting
of water, hydrogen peroxide, and a lignocellulosic material
or without components that elevate the pH value by more
than about 0.1, 0.25, 0.5, 1.0, 1.5, or 2.0 (or any intermediate
value within this range) units beyond that of a mixture of
water, hydrogen peroxide and a lignocellulosic material. The
degradation of the lignocellulosic material by exposure to
hydrogen peroxide under such conditions facilitates removal
lignin from the lignocellulosic material and darkening or
blackening of the liquor containing the lignin or oxidized
lignin removed from the lignocellulosic matenal.

Unlike prior methods 1n which a single stage delignifica-
tion or bleaching step 1s performed, the invention conve-
niently permits multiple extractions of the lignocellulosic
material with dilute hydrogen peroxide, for example, in
three repeated stages with the same reaction column. This
multiple stage extraction i combination with the muild
extraction conditions with dilute hydrogen peroxide at a
relatively low temperature compared to harsh high-tempera-
ture, high pH processes, provides a significantly higher
purity and higher quality, less degraded cellulosic product.

Cellulose from which part or substantially all lignin has
been extracted may be recovered by filtration.

Waste materials, including spent extraction medium or
liquor containing oxidized or extracted lignin may be

directed to waste receptacles.

EXAMPL.

L1

Preparation of the Lignocellulosic Materials

Collection. The cardboards (FIG. 1A) and newspapers
(F1G. 1B) were collected by the Scientific Endowment of
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King Abdullaziz University (KAU) at three different collec-
tion times (replicates). From each of the three replicates,
three samples were taken randomly. Accordingly, nine
samples were collected to represent each of the recycled
newspapers and cardboards. The 18 samples of the collected
samples (cardboards and newspapers) were sorted and con-
verted 1nto scraps.

Pretreatment Processes. The scraps were softened in cold
distilled water and over-saturated by hot distilled water
(FIG. 1C). The sample was blended to obtain viscous
gelatinous liquor (FIG. 1D). Fibers were vacuum-filtered
and washed (FIG. 1E) to remove any additives added while
manufacturing, such as soluble polymers, blenders, and
dyes. The resulting cellulosic samples were solar-dried using
a solar-air-forced circulation mini-greenhouse drier for 24 hr
at 70° C. Using a suitable grinder, approximately 100 g of
an air-dried sample from each replicate was converted into
cellulosic micrometric hairs. In the case of using the final
pure alpha cellulose for production of microcrystalline
(“MCCs”) or nanocrystalline cellulose (“NCCs™), the air-
dried cardboards or newspapers were treated with HCI
(0.1N) to dissolve CaCO, that was added during manufac-
turing. The samples were vacuum-filtered and washed
adequately to remove any traces of the CaCO, to prevent 1ts
interference with the final crystals of MCCs and NCCs. On
the other hand, when the alpha cellulose 1s desired for paper
making, it 1s not necessary to exclude all the CaCO; content
due to its role for improving paper quality.

Diluted hydrogen peroxide (H,O,) has been used as a
bleach reagent solely or in a synergistic mixture with other
bleachers either 1n pretreatment or 1n final steps of pulping
process, but not as a lignin extractant. In contrast, in the
present invention, dilute H,O, was used as a unique delig-
nification reagent to separate cellulosic fibers from each
other by dissolving lignin found between fibers as well as
that incorporated within their cell walls. The hydrogen
peroxide was diluted from a commercial concentration of 35
wt % down to 2 wt %. This dilution was found to signifi-
cantly reduce delignification cost without weakening the
fiber maceration efliciency.

The pretreated lignocellulosic material was mixed at a
ratio of 15:1 wt/wt with the dilute hydrogen peroxide
delignification liquor.

The maceration and delignification of the crude card-
boards and newspapers was performed using the multipur-
pose apparatus presented at FIG. 2 which contains the
tollowing parts: electric source and controller (1), Whatman
tissue no. 44-based filter (2), a water tflowmeter (3), water-
heater (4), a condenser of the heater (5), a withdraw pump
(6), a thermocouple thermometer (7), a semipermeable gas-
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ket (8) which contains an upper tlange of semipermeable
gasket (9), a tightly compressed cotton container (10) and a
lower flange (11), a reaction column (12) that contains
H,O,-liquor (13) and recycled cardboards or newspapers

14).

( ﬁz feature of the apparatus 1s the use of a semi-permeable
gasket FIG. 2 (8) fixed to the upper flange of the reaction
column. This gasket maintains the internal pressure and
other conditions within the reaction column at a level that
accelerates or facilitates the extraction of ligmin, but that
does not damage or otherwise impair the apparatus or 1ts
components by blocking or impairing emission of oxygen
generated by contact between hydrogen peroxide and a
lignin-containing material. At a suitable internal pressure,
the concentration of the oxidizing free radicals (e.g., O7) 1s
high enough to dissolve more lignin molecules from the
lignocellulosic tissues enhancing the deligmification eth-
ciency. However, iI too many oxygen Iree radicals are
removed from the reaction column, the delignification efli-
ciency 1s reduced so that little lignin content can be dis-
solved 1n the reagent liquor and subsequently excluded from
the lignocellulosic material being processed. The term
“increased pressure” refers to the pressure inside of a
reaction vessel or column, which 1s exerted on the gas, liquid
or solid components therein, 1n which a contacting step 1s
performed between hydrogen peroxide and a liquor contain-
ing a lignocellulosic material. In some embodiments the
increase pressure will refer to the total internal pressure 1n
the reaction vessel or column, in other embodiments 1t will
refer to the relative increase 1 O2 pressure with respect to
ambient atmospheric partial O2 pressure. In some embodi-
ments, the increased pressure will be 10, 20, 50, 100, 200,
300, 400, or 500% (or any intermediate value within this
range) that of ambient atmospheric pressure or that or
ambient atmospheric partial oxygen pressure. In other
embodiments, increased pressure 1s manifested by an
increase in the concentration of oxygen atoms, free radicals,
ozone, or oxygen molecules 1 or around solid or liquid
components in the reaction vessel or column compared to
the same components which have not been contacted with
hydrogen peroxide, for example, by 10, 20, 50, 100, 200,
300, 400, or 500% (or any mtermediate value within this
range).

In one embodiment, a multipurpose apparatus or a system
for separating cellulose and lignin performs the following
s1X tasks:

a. cold water-pretreatment.

b. hot water-pretreatment.

c. charging distilled water into the reaction column.

d. delignification and maceration of cellulosic fibers.

¢. elimination of calcium carbonate.

TABLE 1

Operational states' of solenoid valves (V) in one embodiment of a multipurpose
apparatus that performs CWP, HWP, CDW_, ECC, DHP, and PBL.

Task?

CWP
HWP
CDW
ECC
DHP
PBL

SNORGRONORS

Vi

Vs

SNONONONONY.

Vy V, Vs Vo V, Vo Vo, Vs V,, V,, Water Heater’

Off
On
Off
Oft
Off
Oft

QOO0 0 00
ONORORONOR®
SORONONONONG
SNONORCHNONS
OO0 Q00
Q00000
OO0 000
OO0 00
CHONONONONY
OO0 00

1<O? refers to that valve is open, while *C” refers to its closed state.

2¢0On’ refers to that the heater is set on, while “off * refers to its set off.

3CWP is the cold water pretreatment, HWP 1s the hot water pretreatment, CDW 1s the charging distilled water
into the reaction column, ECC 1s the elimination of calcium carbonate from cardboards and newspapers, DHP
15 the delignification by hydrogen peroxide, and PBL 1s the purification of black liquor.
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The Maceration Process. The maceration process that 1s a
result of the delignification action was performed at a
temperature of 70° C., whereby 1t can be obtained either by
clectric heating coils or by flat plate solar collectors. One

feature of this embodiment of the invention is the using of ° Cellulosic materials

three subsequent individual steps of the delignification pro-
cess within the same reaction column reducing the actual
reaction volume. The delignification liquor (H,O,) 1s
excluded completely by vacuum-filtration at the end of a
certain step, and substituted by the same amount and con-
centration of the same delignification reagent for the next
step. Accordingly, each fresh H,O,-fraction 1s able to del-
ignify a part of the crude maternial. With the frequent
withdrawing the black liquor and substitution by 1fresh
reagent, all the lignin could be excluded. As shown in FIG.
4, there are three products as a result of recycling cardboards
(FIG. 4A) and newspapers (FIG. 4B), namely pretreated
crude sample, macerated cellulosic fibers, and ground alpha
cellulose.

Analysis of Fibers

Fiber length and fiber width determination by Optical

Microscopy. An optical system consisted of a light micro-

scope (CE-MC200A) 1n diflerent magnification powers with
suitable vision system (OPTIKA PRO 35 Digital Camera-

4083.12, OPTIKA, Italy) with a Vision PRO 4 software was
used to examine the macerated fibers (Hindi, 2017°). A
drop of macerated sample was mounted onto a slide and the
fiber length and width were measured after staining with 1%

aqueous safranine. About twenty fibers were measured from

cach of the three slides prepared to represent each of

cardboards and newspapers). Since nine samples were col-
lected to represent each of the recycled newspapers and
samplesx20 observations),

cardboards (3 replicatesx3

accordingly 180 fibers were measured among the mvestiga-
tion (Hind1, S. S. 7., Bakhashwain, A. A. and El-Feel. A. A.

2011. Physico-chemical characterization of some Saudi

lignocellulosic natural vesources and their suitability for

fiber production. JKAU; Met. Env. Anid Land Agric. Sci.
21(2): 45-35; Hind1, S. S. Z. 2017. Some promising havd-

woods for cellulose production: 1. Chemical and anatomical

features. Nanoscience and Nanotechnology Research, 4 (3):
86-97. do1: 10.12691/nnr-4-3-2). Hindi, S. S. Z. 2017“.

Suitability of date palm leaflets for sulphated cellulose
nanocrystals synthesis. Nanoscience and Nanotechnology

Research, 4 (1): 7-16. DOI:10.12691/nnr-4-1-2.

Fiber dimensions of the crude and macerated materials
from each of cardboards and newspapers were studied by
optical microscopy. It was found that these fibers had lengths
ranged from 0.821 to 1.473, whereas their width 1s ranged
from 24.96 to 33.2 um. These values are 1in the ordinary
ranges ol soltwoods and hardwoods. In addition, there no
significant differences between the macerated cellulosic
fibers and their parent crude materials were 1dentified indi-
cating that using H,O, did not reduce or fracture the fibers.
In addition, studying the morphological structure of the
cellulosic fibers macerated from cardboards and newspapers

confirmed the same finding (Table 2 and FIG. 5).
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TABLE 2

Fiber length and fiber width of four cellulosic materials.

Fiber length Fiber width
ImIT LI

0.822 (0.184) 24.97 (1.563)
0.821 (0.193) 24.96 (1.544)

Crude cardboards after pretreatment
Cardboards-based cellulosic fibers after
maceration

Crude newspapers after pretreatment
Newspapers-based cellulosic fibers after
maceration

1.468 (0.204) 33.15 (1.783)
1.473 (0.311) 33.2 (1.788)

'Each value is an average of 180 observations.

’The values between brackets are standard deviations.

Cardboards and newspapers are manufactured from wood
fibers, either from hardwoods (deciduous/angiosperms) or
soltwoods (conifers/gymnosperms). Softwoods commonly
have longer fiber length (3 to 5 mm) than that for hardwoods
(1 to 2 mm). For the fiber width, softwood produces wider
fibers (30 to 40 um) than those for hardwoods (10 to 20 um),
as reported by Rothbard, D. R., 2001. Electron Microscopy

for the Pulp and Paper Industry, Technical Paper Series

Number 911, Institute of Paper Science and Technology
(IPST), Atlanta, Ga.

Internal Structure of samples by Scanning FElectron
Microscopy (SEM). The lignocellulosic sample was
mounted on a double side carbon tape on Aluminium stub
and air-dried. Belore examination, all samples were
vacuum-sputtered with gold up to a thickness of about 15 nm
(JEOL JFC-1600 Auto Fine Coater). The samples were
ivestigated using SEM Quanta FEG 450, FEI, Amsterdam,
Netherlands. The microscope was operated at an accelerat-
ing voltage ranged from 5-20 kV (Hindi, S. S. Z., and
Abohassan, R. A. 2016. Cellulosic microfibril and its embed-
ding matrix within plant cell wall. International Journal of
Innovative Research 1n Science, Engineering and Technol-
ogy 5 (3): 2727-2734). For each of cardboards and news-
papers, three types of samples were investigated using the
SEM, namely crude samples, after cold and hot water
treatment, and after maceration by H,O.,,.

Studying the internal structure of the crude cardboards
and their cellulosic fibers were done using the SEM tool.
Gum spheres with a mean diameter of 13.7 um can be seen
from FIGS. 6A and 6B and are concentrated onto the
cardboard surface and between 1its fibers and layers. Fur-
thermore, when the number of gum spheres 1n a certain area
1s high, 1t was combined together constituting a single or
multilayers (FIG. 6B). The SEM micrographs presented at
FIGS. 6C and 6D indicated that cold and hot water assist the
gum spheres as well as gum layers to be disappeared
indicating the etliciency of the pretreatment processes. In
addition, the cardboards-based cellulosic fibers were intact
and are completely separated from each other referring to
the high ethiciency of the current mmvention. Comparing the
SEM 1mages of the crude newspapers (FIG. 7A) and the
pure cellulosic fibers macerated using current H,O,-mac-
eration invention (FIG. 7B), revealed that this method
allowed the newspapers-based fibrous bulks to be com-
pletely separated without distortion.

X-ray Diffraction (XRD) Analysis of Samples. The wide
angle XRD spectra of the crude samples (cardboards and
newspapers) and their macerated cellulosic fibers were
ivestigated by XRD 7000 Shimadzu diffractometer, Japan.
The device system having a rotatable anode generator with
a copper target and wide angle powder gomometer was used.
The XRD-system was operated at 30 kV and 30 mA using
CuKa radiation which 1s composed of Ka,; (0.15406 nm)
and Ko, (0.15444 nm). The resulting radiation was filtered
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out from the data using a single-channel analyser. Each of
the divergence and scatter slits was 1° and the receiving slit
was 0.15 mm at the same radius. Dried cellulosic samples
(approximately 0.5 g) were mounted onto a quartz substrate
using amorphous glue and scanned 1n 20 ranged from 10° to
100°. All the samples were tested 1n the reflection mode with
a scan speed of 4°/min 1n 0.05° steps (Hindi, 2017°.

Featured Peaks. For the crude cardboards (Table 3 and
FIG. 8A), the XRD-diffractogram of the crude cardboards
exhibited a principle sharp peak around 20=22.6° for the
200-reflection related to hemicelluloses and alpha-cellulose.
In addition, 1t has two adjacent broad peaks at 20=135.2° and
20=16.9° for the 1170 and 110 planes, respectively. Accord-
ingly, there 1s a similarity between the resultant X-ray
diffractogram of the crude cardboards and that for cellu-
lose-1 (FIG. 9A), especially regarding to the three crystal-
lographic planes, namely 1170, 110 and 200.

For the cellulosic fibers macerated from cardboards
(Table 3 and FIG. 8B), the cardboards-based cellulosic fibers
showed one principle sharp peak around 20=23.1° repre-
senting the 200-crystallographic plane that belongs to hemi-
celluloses and alpha-cellulose. Furthermore, this diffracto-
gram has two broad peaks at 20=15.3° and 20=17.5° related
to the 1170 and 110 reflections, respectively. Accordingly,
the similarity between the resultant cardboards-based cellu-
losic fibers and that for cellulose-1 1s clear (FIG. 8b),
especially when regarding the crystallographic planes,
namely 1170, 110 and 200.

For the newspapers (Table 3 and FIGS. 9A and 9B), the
double diffractograms of the crude and the macerated fibers
showed a principle sharp peak around 20=22.9° and 23.3°,
respectively representing the 200 retlection related to hemi-
celluloses and alpha-cellulose. In addition, the newspapers
diffractograms showed two broad peaks at 20=14.7° and
20=16.8° ({or the crude sample, FIG. 9A) and at 20=15° and
20=17.2° (for the macerated fibers, FIG. 9B representing
1170 and 110 reflections, respectively (Table 3). Accord-
ingly, the XRD-diffractograms of the crude and macerated
fibers of the newspapers 1s similar to that for cellulose-1 for

1170, 110, and 200 planes.

TABLE 3

Two-theta'” (degrees) determined from the XRD-
differactograms for crude and macerate cellulosic
fibers from each of recycled cardboards and newspapers.

Crystallographic
planes
200 1170 110
Raw material 20°

Crude Cardboards 22.6° 15.29 16.9%

Newspapers 22.9% 14.7° 16.8°
Macerated Cardboards 23.1¢ 15.3¢ 17.5¢
Cellulosic Newspapers 23.3¢ 159% 17.2%°
Fibers

'Each value is an average of 9 observations.

*Means sharing the same letters within the same column are non-sigmificantly different at
0.05 level of probability.

The diffractograms resulted from the XRD of the four
cellulosic matenals, namely crude samples of cardboards
and newspapers, and macerated cellulosic fibers from card-
boards and newspapers have the same trend whereby having
three peaks at the same crystallographic reflections, namely
200, 1170 and 110 as follow:

(1) One principle sharp peak around 20 ranged from 22.6°
to 23.3° related to the 200 retlection that belongs to hemi-
celluloses and alpha-cellulose.
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(2) Two broad peaks at 20 ranged from:
I. 14.7° to 15.3° ({or the 1170 plane).

II. 16.8° to 17.5° ({or the 110 plane).

Accordingly, the average peaks of the four raw matenals
investigated in the present investigation 1s detected at
20=22.95°+£0.35° (for the 200-plane), 20=15x£0.3 (for the
1170 plane), and (for the 110 plane). This similarity in the
peaks of the XRD-diffractograms of the four cellulosic
materials arisen at the three crystallographic planes (1170,
110 and 200) reflects their similarity 1n composition from
cellulose 1. These findings agree with those obtained by
Goudarzi, A., Lin, L.-T. and Ko, F. K. 2014. X-Ray diflrac-
tion analysis of Krait lignins and lignin-derived carbon
nanofibers. J. Nanotechnol. Eng. Med., 5 (2): 5 pp. In
addition, the average peak for hardwoods 1s located at
20=21.2°£0.15° and {for softwood 1t 1s located at
20=19.35°£0.18°.

Crystallographic properties of Samples. After the deter-
mination of the mndividual crystalline peaks were, the CI was
calculated as follows (Hindi, 2017°):

CI=[(D_,,+D_ ,)D, ]x100, where D_ , 1s the crystalline
area under the 1% crystalline peak (110 and 1170 planes),

D _, represents the crystalline area under the 2" crystal-

line peak for the 200 crystallographic plane, and
D_ ., 1s the whole area under both 1st (110 and 1170
planes) and 2”7 peaks (200 plane). Crystallite Size (CS). The

CS was calculated using the Scherrer equation [30, 31] as
presented below:

CS=(57.3kM/((P cos 6),

where

CS 1s the mean width of the crystallite,

k 1s the form factor of the crystallite (0.94),

A 1s the wavelength of X-ray accident to the crystallite
(0.1542 nm),

3 1s the full width at hallf maximum (FWHM) of the
crystalline peak represented to the 200-crystallographic
plane,

0 1s the Bragg’s angle related to the 200-plane.

The constant “57.3” must be multiplied by kA to trans-
form [ from degrees to radians.

Lattice Spacing (d). The d value was calculated using the
Bragg’s equation as follows:

d=ni/2 sin O,

where n takes a value of “1” for diffractogram with the
strongest intensity.

The crystallinity Index (“CI”) of the four raw matenals
(Table 4) was calculated to examine the eflect of the
delignification method on the quality of the resultant mac-
erated cellulosic fibers. The Cl ranged from 59.2% to 77.4%.
It 1s noticed that the CI of the crude raw materials (after the
pretreatment process) were lower than those for their cellu-
losic fibers. This can be attributed to that removing addi-
tives, lignin and all amorphous components from the crude
materials upon pretreatments and maceration process
enhanced the CI property for the macerated cellulosic fibers.

The CIs of the macerated cellulosic fibers lies within the
cellulosic resources scale indicating that applying the mac-
eration using the H,O, didn’t affect their crystallinity.

The obtaimned CI values agrees with those obtained for

cellulose (76.01%) that found by Wulandann, W. T.,
Rochliadi, A., and Arcana, 1. M. 2016. Nanocellulose pre-

pared by acid hydrolysis of isolated cellulose from sugar-

cane bagasse. 10P Coni. Series. Matenals Science and
Engineering, 107: 012045; wood pine (70%) that indicated

by Borysiak, S. and Doczekalska, B. 2005. X-ray diffraction
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study of pine wood treated with NaOH, Fibers and Textiles
in Hastern Europe, 5 (53): 87-89, and lies within the CI
ranges (41.5% to 95.5%) that shown by Park, S., Baker, J.
O., El-Himmell, M., Parilla, P. A., and Johnson, D. K., 2010,
Cellulose crystallinity index: Measurement techniques and
their impact on mterpreting cellulase performance, Biotech-
nology for Biofuels, 3 (10), DOI: 10.1186/1754-6834-3-10,
and that range of 56% to 78% determined by Terinte, N.,
Ibbett, R., and Schuster, K. C., 2011. Overview on native
cellulose and microcrystalline cellulose I structure studied
by X-ray diffraction (WAXD). Comparison between mea-
surement techniques, Lenzinger Berichte, 89: 118-131 ifor
different cellulosic precursors using different measuring

techniques.

In addition, the current CI findings agree with those
obtained by Kumar, A., Negi, Y. S., Choudhary, V., Bhard-
waj, N. K. 2014, Characterization of cellulose nanocrystals
produced by acid-hydrolysis from sugarcane bagasse as
agro-waste, Journal of Materials Physics and Chemuistry, 2
(1): 1-8, where the CI range of the bagasse was between
35.6% to 63.5% due to removal of lignin and hemicelluloses
as amorphous part during acid-hydrolysis.

TABLE 4

Mean values' of crystallinity Index® (CI), crystallite size” (CS),
and lattice spacing” (LS) determined
from the XRD-diffractograms for crude and macerated cellulosic
fibers from each of recvcled cardboards and newspapers.

Crystallographic Properties

CI CS LS
Cellulosic Fibers % 1Im nm
Crude cardboards after pretreatment 59.2 3.68 0.395
Cardboards-based cellulosic fibers after 63.7 4.88 0.384
maceration
Crude newspapers after pretreatment 65.1 3.87 0.388
Newspapers-based cellulosic fibers after 77.4 4.23 0.379

maceration

'Each value is an average of 9 samples
’The crystallographic planes of 1170, 110 and 200 were regarded in calculations.
3The crystallographic planes of 200 was regarded only 1n calculations.

Crystallite Size (CS). The CS 1s the crystallite thickness
estimated by the Scherrer formula for the crystallites having
a size less than 100 nm. The CS of the four raw matenals
(Table 4) ranged from 3.68 nm to 4.88 nm that is slightly
smaller than that for cellulose 1 (about 5 nm in width) as
reported by Hindi [Hindi, S. S. Z. 2017°. Nanocrystalline
Cellulose: Synthesis from pruning waste of Zizyphus spina
christi and characterization. Nanoscience and Nanotechnol-
ogy Research. 2017: 4 (3):106-114. do1: 10.12691/nnr-4-3-
4" Hindi, S. S. Z. 20177c. Some crystallographic properties
of cellulose I as affected by cellulosic vesource, smoothing,
and computation methods. International Journal of Innova-

tive Research in Science, Engineering and Technology
(IJIRSET), 6 (1) 732-752. DOI:10.15680/1JIR-

SET.2017.061127]. However, the CS values of the material
studied were 1n the normal range belongs to cellulose 1. In
addition, the CSs of the macerated cellulosic fibers approach
to those for their crude materials. This indicates that there 1s
no harmful effect due to maceration by H,O, on the cellu-
losic microstructure.

XRD resolution 1s not adequate for small crystallites to
obtain accurate 1magination concerming their lattice struc-
ture; Clair et al., 2006. In addition, the CI findings agree with
those obtained by Kumar, A., Negi, Y. S., Choudhary, V.,
Bhardwaj, N. K. 2014, Characterization of cellulose nanoc-
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rystals produced by acid-hydvolysis from sugarcane bagasse
as agro-waste, Journal of Materials Physics and Chemaistry,
2 (1): 1-8, for nanocrystalline cellulose and macerated fibers
obtained from bagasse (4.2 nm and 3.5 nm, respectively).
Lattice Spacing (LS). The LS of the four cellulosic
materials showed that the distance between the strata ranged
from 0.395 nm to 0.388 nm (Table 4). Since larger crystal
s1ze leads to larger LS between 1ts crystalline strata (David-
son, 1., Newman, R. H., and Ryan, M. I. 2004. Variations in
the fibve repeat between samples of cellulose I from diffevent
sources. Carbohydrate Research, 339 (18), 2889-2893, DOI:
10.1016/y.carres.2004.10.005), the lower LS values can be
attributed to the small size of the cellulosic materials crys-
tallite estimated 1n the present study (3.68-4.88 nm). How-
ever, the LS result 1s slightly smaller than that found by
Hindi, S. S. Z., Bakhashwain, A. A. and El-Feel. A. A. 2011.
Physico-chemical characterization of some Saudi lignocel-
lulosic natural vesources and theiv suitability for fiber

production. JKAU, Met. Env. Arid Land Agric. Sci1. 21(2):
45-53.

The mvention claimed 1s:

1. A method for forming cellulosic material from a
ligno-cellulosic material, comprising:

blending the ligno-cellulosic material with water to form

an aqueous liquor,
contacting the aqueous liquor with hydrogen peroxide
under non-alkaline conditions 1n a reaction column to
delignity the ligno-cellulosic material and form a mix-
ture comprising dissolved lignin and cellulose, wherein
oxygen generated during said contacting increases
internal pressure relative to ambient atmospheric pres-
sure, or increases partial internal O2 pressure relative to
ambient partial O2 pressure during said contacting,

removing the dissolved lignin by filtering or centrifuga-
tion, and

recovering the cellulose;

wherein a top of the column 1s closed to atmospheric

pressure by a gasket, which gasket retains suflicient
oxygen 1n the column to maintain a higher than atmo-
spheric pressure 1n the column during said contacting;;
and

wherein the gasket comprises a fiber plug or membrane

which fits over an open top of the reaction column and
prevents escape ol suflicient oxygen molecules and
oxygen radicals produced by said hydrogen peroxide
treatment to enhance efliciency of deligmification com-
pared to an otherwise identical method that does not
comprise the gasket.

2. The method of claim 1, wherein the ligno-cellulosic
material 1s paper.

3. The method of claim 1, wherein the ligno-cellulosic
material 1s cardboard.

4. The method of claim 1, wherein said contacting occurs
in the absence of NaOH or aqueous ammomnia.

5. The method of claim 1, wherein said contacting occurs
in the absence of chlorine dioxide; or in the absence of
methanol, hydrochloric acid and sulfuric acid.

6. The method of claim 1, wherein the aqueous liquor
contains 0.5 to 2 wt % hydrogen peroxide at a liquid to solid
ratio of 10:1 to 20:1.

7. The method of claim 1, wherein said oxygen increases
the pressure at which said contacting occurs at least 5%
above ambient atmospheric pressure.

8. The method of claim 1, wherein said contacting occurs
at a temperature ranging from 20 to 100° C.

9. The method of claim 1, wherein said contacting occurs
at a temperature ranging from 60 to 80° C.
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10. The method of claim 1, wherein said gasket comprises
compressed cotton.

11. The method of claim 1, wherein the gasket comprises
a woven or nonwoven fiber.

% x *H % o
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